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Introduction 20
Genetic maps play a central role in research and breeding, especially to locate genes or Quantitative Trait Loci (QTL). 21
For several applications it is useful to integrate multiple genetic maps, for example to compare QTLs across populations, 22 to anchor genome assemblies, or to integrate haplotype specific linkage maps in autopolyploids (Bourke et al., 2016) . 23
Often in breeding programs it is of interest to integrate genetic information with genomic data. Such a Marey map 24 describing the relationship between centimorgan (cM) genetic distances and physical distances (Chakravarti, 1991) is 25 valuable to estimate local recombination rates and to estimate genetic positions of a given genomic position. The 26 estimation of recombination rates is important for fundamental research to positional cloning of genes, or introgression 27 breeding. 28
Several software packages are available to construct consensus maps. The mapfuser R package consists of three major parts: quality control, consensus map construction, and modelling of the 40 relationship between genetic and genomic distance. The map integration depends on the R package LPmerge while for 41 genetic map position and recombination rate estimation we used the R package mgcv to fit thin-plate regression splines 42 (Wood, 2003) . In manual data pre-processing errors are difficult to prevent. Therefore, we implemented explicit quality 43 control and data visualisation features. Data can be exported as csv-delimited files or in Joinmap format. A flowchart of 44 the software is presented in Fig. 1 . 45 Module 5 Visualisation: A number of visual diagnostics are available with the generic R S3 plot function: 1) network 68 graphs for each chromosome with edges between maps that provide sufficient overlapping anchor markers 2) a minimum 69 spanning tree based on the network graphs using the number of anchors as edge to build the minimum spanning tree, 3) a 70 scatter plot to compare two maps (input maps, consensus map, reference map, 4) the Marey map depicting the physical 71 distance in mega base pairs vs. the genetic distance in cM along with the fitted thin-plate spline model, 5) a 72 recombination rate plot. 73
Case study 74
Example data provided with the R package contains genetic map data for five Arabidopsis thaliana RIL populations 75 (Simon et al., 2008) . Two linkage groups were intentionally flipped and poor quality data was added, which is detected 76 and corrected by the implemented quality control. After construction of a consensus map, a set of PCR markers from a 77 sixth A. thaliana population (Loudet et al., 2002) was interpolated towards the consensus map. Ordinary least squares 78 regression indicates that the estimated positions fit well for each chrome (R2 > 0.99) relative to the true genetic map 79 positions and compares well with estimates from MareyMap Online. The subtle difference between both methods is that 80 the penalized spline is more robust for local deviations. Single positions on a genetic map are affected by Mendelian 81 sampling errors, genotyping errors, and uncertainties in statistical inference in ordering and distance estimation. 82
However, the result is that possible biologically significant differences in recombination rate, represented by one or very 83 few data points, are neglected. Nonetheless, the fit in terms of R-squared is better using a penalized approach in the 84 example data. 85
